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r£3 • Abstract 

We discuss the physical interpretation of unparticles and review the con- 
! straints from cosmology. Unparticles may be understood in terms of confined 

qq ■ states of a strongly-coupled scale-invariant theory, where scale-invariance im- 

OO '. 

00 , plies that the confined states have continuous masses. This picture is consistent 

with the observation that unparticle operators can be represented in terms of 
continuous mass fields. Finite results in scattering processes are obtained by 
compensating the infinite number of unparticle final states with an infinitesi- 
mal coupling per unparticle. As a result, unparticles are stable with respect to 
decay or annihilation to Standard Model particles, implying a one-way flow of 



energy from the Standard Model sector to the unparticle sector. The qualitative 
properties of unparticles, which result from their continuous mass nature, are 
unchanged in the case where scale-invariance is broken by a mass gap. Unpar- 
ticles with a mass gap can evade constraints from astrophysical and 5th force 
considerations, in which case cosmology provides the strongest constraints. 
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1 Introduction 



Unparticles p], [2] represent a new possibility for the physics of a hidden sector coupled 
to the Standard Model (SM). They are based on the idea of a sector which becomes 
strongly-coupled and scale-invariant at low energies. The form of the hidden sector 
is most simply a non-Abelian gauge theory with a large number of massless Dirac 
fermions in the fundamental representation [3] . (We will refer to this as the Banks-Zaks 
(BZ) sector.) Supersymmetric QCD may also play this role RE]. Since being proposed, 
there has been considerable interest in the phenomenology^, astrophysics El [7J E] 
and cosmology PHI dH E2] of unparticles. Much of this work has been based on the 
scaling behaviour of the unparticle propagator, from which SM signatures of unparticle 
production can be deduced [Ij. However, in order to discuss the physics of unparticles 
more generally, a physical picture of what unparticles are and how they are likely to 
behave in a given physical system is required. A particular application is cosmology, 
where we are concerned with an unparticle density interacting with a density of SM 
particles. In this case we need to understand the process of energy exchange between 
the two densities, which requires an understanding of how unparticles interact with 
each other and the SM. 

In this paper we will review the physics of unparticles and the astrophysical and 
cosmological constraints on their interactions. The basis of our discussion is a physi- 
cal interpretation in which unparticles are identified with continuous mass composite 
states created by a strongly-coupled BZ sector. This interpretation is consistent with 
the known physics of unparticles and allows their qualitative behaviour to be easily 
understood. 

The paper is organised as follows. In Section 2 we review the model of unparticles 
based on a strongly-coupled Banks-Zaks sector and discuss its physical interpretation 
in terms of continuous mass fields. In Section 3 we review the constraints on un- 
particles from astrophysics and cosmology. In Section 4 we discuss the breaking of 
scale-invariance via the interaction of the SM Higgs with unparticles. In Section 5 we 



x We will not attempt to review here the extensive literature on unparticle phenomenology. 
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present our conclusions. 

2 Physical Interpretation of Unparticles 
2.1 The Banks-Zaks Model of Unparticles 

In non-Abelian gauge theories coupled to massless fermions, a natural possibility is 
that the theory has an infra-red fixed point [3j. This occurs if the one-loop /3-function 
is negative while the two-loop /3-function is positive. An explicit example is provided 
by the case of an vector-like SU (3) gauge theory coupled to N F massless Dirac fermions 
in the fundamental representation [3J. In this case 



where 




and 

A = -(l02-(10 + ^)iV>) . (4) 

If N* > N F > N' F , where A* = y and N' F = then f3 D is negative while (3 X is 
positive. Therefore if g is small at a high energy, it will increase as the renormalization 
scale \i decreases until the fixed point (3(g) =0 is encountered at g = g*. This is an 
infra-red fixed-point of the renormalization group flow, so at E < Au the effective 
theory becomes scale- invariant. Therefore if the infra-red fixed point occurs when g 
is non-perturbative, the BZ fields will be confined into the composite particles of a 
strongly-coupled scale- invariant theory at E < Ay. 
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2.2 Standard Model-Unparticle Interactions 

At E > A{j, the SM and BZ particles are assumed have an interaction mediated by 
messenger fields of mass Mjj of the form 

£ ~ j^OsmObz . (5) 

Here Osm is a SM operator of mass dimension dsM, Obz is an operator of mass 
dimension dsz made of BZ fields and k = dsz + d S u — 4. A simple example for Obz 
is the case of a fermion bilinear, 

BZ = V* ; d BZ = 3 . (6) 

A simple example of Osm is a scalar operator made of quarks [1] , 

Osm = ^("7 m (1-75)<) ! ^sm = 4 . (7) 

Once E < Ajj, the BZ sector confines into the unparticle sector. The BZ oper- 
ators match onto unparticle operators of scaling dimension djj determined by the 
strongly-coupled theory, which create and annihilate states of the strongly-coupled 
scale-invariant theory, 

1 Cu A^ BZ ~ du 

OsmObz — > OsmOu . (8) 



M k ^ M k 

Here Cy is expected to be of order 1. For the SM operator of Eq. (jlj), the SM-unparticle 
interaction in Eq. (jSJ) becomes 

lA u^(l-K)td»Ou ; X = ^~. (9) 



A^ ' M w " ' Arfg" 



2.3 Unparticles as Composite States of a Strongly-Coupled 
Scale-Invariant Theory 

In order to physically understand the results of SM-unparticle interactions we need 
a physical interpretation of the unparticle states. If we consider the scale-invariant 
BZ theory at the infra-red fixed-point to be strongly-coupled, the BZ particles will be 



confined into composite states. Therefore a natural interpretation of the unparticles 
is that they are composite states made of confined BZ particles. Since the strongly- 
coupled theory producing the composite states is scale-invariant, there can be no 
distinct length or mass scale associated with these states. Thus composite particles 
with all possible masses and radii will exist. In this interpretation the unparticles will 
correspond to conventional particles with a continuum of mass states. This interpre- 
tation is consistent with the observation that unparticle operators can be expressed as 
operators creating particles with a continuous mass parameter [T31 [TH [T5] . 

This continuum of mass states leads to the unconventional phenomenology and 
cosmology of unparticles. For example, the process t — > u + U was considered in 
POj, where it was shown that the energy spectrum of the u-quark is continuous, in 
contrast with the case of production of conventional particles with a discrete mass. 
As reviewed below, this behaviour can be understood by expressing the unparticle 
operators in terms of an integral over conventional massive fields with a continuous 
mass parameter [13J. This is naturally interpreted as the production of composite final 
states with different masses, with the total inclusive decay rate to unparticles being 
obtained by summing over the decay to all possible final states, each of which proceeds 
as a conventional decay to a particle of definite mass. 

3 Continuous Mass Particle Representation of Un- 
particle Operators 

From the discussion of Section 2, unparticles are expected to correspond to conven- 
tional particles parameterized by a continuous mass. In [T3] it was shown that scalar 
unparticle operators can be deconstructed as the continuum limit of scalar field oper- 
ators with a mass splitting. It is natural to identify these scalar fields with continuous 
mass . The interpretation of unparticles as a continuum of physical parti- 

cles was first proposed in [T4] and more recently emphasized in [T5|. The concept of 

2 In this case we are considering scalar unparticles. Composite states with other spins are also 
possible, such as spin-1 states corresponding to vector unparticles. 
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Figure 1: Schematic illustration of the decay of a t-quark to a u-quark and an unparticle. Scale- 
invariance implies that the unparticle can be produced with any kinematically-allowed mass and 
radius. The total decay rate is obtained by summing over unparticles U with different masses and 
radii. 

continuous mass particles was proposed much earlier in [IB] . [See also [T7J [18].] Con- 
tinuous mass particles, as a more general concept, may well open up new possibilites 
for phenomenology and cosmology beyond the particular example of unparticles. 

We first review the equivalence of unparticle phenomenology based on scale-invariance 
PP with that based on a continuum of massive particles [T5| [To]. The correlation func- 
tion of unparticle operators can be expanded in momemtum eigenstates as [1] 

<0|O C7 (x)O^(0)|0>=^<0|O C7 (a;)b„><p n |O^(0)|0> . (10) 

n 

Translation invariance implies that 

< 0\Ou(x)\ Pn >= e~^- x < 010^(0)1^ > . (11) 

Therefore 

< 0\Ou(x)Ol(0)\0 >=J2e~ iPn - x \ < 0\Ou{0)\p n > | 2 



J d*Pj2S\P-Pn)e- tRx \<0\O u (0)\P>\ 2 ■ (12) 
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Since J2 n $ 4 (.P ~ Pn)\ < 0|O[/(0)|P > | 2 is a scalar function of P M , it can only depend 
on P 2 and 6(P°). Therefore since the intermediate states have p° > and p 2 > 0, we 
can write 

5> 4 (P -p n )\ < 0\Ou(0)\P > | 2 = (27r)- A 6(P°)6(P 2 )p(P 2 ) . (13) 

n 

p{P 2 ) is the spectral function. Its form can be deduced purely from scale-invariance. 
Since 

< Q\Ou(x)Ol(0)\Q >= (2tt)- 4 | c/ 4 Pe- iP -^(P°)0(P 2 )p(P 2 ) (14) 

and the LHS has scaling dimension 2du, it follows from scale-invariance that p(P 2 ) 
has scaling dimension djj — 2. Therefore 

p(P 2 ) = A du (P 2 ) du ~ 2 , (15) 

with Ad u a dimensionless constant which depends on the underlying strongly-coupled 
scale-invariant theory. This expression is sufficient to determine much of the phe- 
nomenology of unparticles. It allows the determination of the unparticle propagator 
and decay rate of SM particles to unparticles final states. Comparing Eq. (|T4|) and 
Eq. (fT5|) with the phase space measure for n massless particles of total momentum P, 

it follows that, as far as the missing energy of SM particles is concerned, unparticle 
production looks the same as production of du massless particles, where du is typi- 
cally non-integer [T]. The mathematical equivalence with production of a non- integer 
number of particles is curious but not directly significant; unparticle production differs 
from conventional particle production because a continuum of composite particles with 
different masses is produced. Each unparticle final state, once produced, will behave 
as a conventional particle with a well-defined mass [15J . 

The scalar particle decomposition is achieved via the Kallen-Lehmann representa- 
tion of the unparticle propagator [T9] 

/r d A/f 2 i 
#xe** < 0\TOu(x)OU0)\0 >= J P( M ") p2 _ M 2 + te ■ ( 17 ) 
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p(M 2 ) may be expanded in terms of unparticle states <p n with fixed 3-momentum 

p(M 2 ) = 27r]T5(M 2 - M 2 )| < 0(0^(0) |0„, > | 2 , (18) 

n 

where scale-invariance is broken in a controlled manner by splitting the spectrum of 
the states as M 2 = A 2 n. Substituting Eq. ^THJ) into Eq. ([T7J) gives 

J d'xe^ < 0\TOu(x)oU0)\0 >^ E p2 + ie 5 ^ = I < O|O y (O)|0 n > | 2 . 

(19) 

Comparison with Eq. fflTl) after substituting Eq. ffl5|) implies that 



2 = p(M 2 )A 2 A^(M 2 )^- 2 A 2 

The unparticle limit is recovered as A — > 0. Eq. ([191) is a sum of scalar particle 
propagators, therefore the unparticle operator can be represented as the continuum 
limit of a sum of scalar field operators n of mass M n , 

0U = J2 F n^n ■ (21) 
n 

3.1 Decay rate to unparticles 

In order to make clear how SM particles interact with unparticles we consider the 
t —> u + U decay rate first calculated in [TJ and analysed using the scalar particle 
decomposition in [13]. The unparticle interaction with the SM quarks, 

^7,(1-75)^ + 1^. ; A = ^£r> (22) 

becomes 

j*u llx (l - l5 )tJ2Fnd»<f>n ■ (23) 

Therefore the coupling of each (f) n to SM particles is proportional to A and vanishes 
in the continuum limit A — > 0. The decay rate to each <p n is 

re = 5^- (24) 
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The total decay rate to unparticles is obtained by summing over the scalar final states 
in the limit A — > 0. For each n the w-quark energy is 

(m? - Ml) , , 

E u = ^ . 25 

2m t 

Over a small range An, corresponding to a range of masses dM n around M n , the 
contribution Ar to the total decay rate is given by 

dM 2 2m 

Ar = r n xAn = r n x^ = ^ix T n dE u . (26) 

Therefore 

dT 2m, x JA^rm^ s 2m, y |A£m^ ( Au^j^A ( 



dE u A 2 A 2 /" 2tt A 2 A^ u 2tt V 2vr 

The first term on the RHS is the number of scalar particle final states in the range 
dE u , while the second term is the decay rate to each final state. The resulting energy 
spectrum of the u-quarks is therefore 



dT |A| 2 A du m 2 E 2 u (m 2 - 2m t E u ) d -- 2 



dE u Alf- 2tt 2 



(2f 



The most important feature of Eq. ( |27|) is that a finite total decay rate to unparticles 
results because the infinitesimal decay rate to each unparticle state is balanced by the 
infinite number of unparticle final states. This is quite different from conventional 
particle production and leads to the unusual behaviour of unparticles when coupled 
to the SM. Most importantly, an unparticle is unable to decay or scatter back to SM 
states, since the number of SM final states is finite and cannot compensate for the 
vanishing coupling in the A — > limit. This also implies that an unparticle energy 
density is stable with respect to decay to SM particles. This feature of unparticle 
physics is crucial for cosmology, as it implies that energy can only flow from the 
SM sector to the unparticle sector. As reviewed below, this one-way flow of energy 
into a stable unparticle energy density can impose strong cosmological constraints on 
unparticles 
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4 Unparticles in Astrophysics and Cosmology 



The above discussion assumes unbroken scale-invariance. In this case severe limits 
on Mjj are imposed by unparticle production in supernovae and red giants and by 
5th force effects [6J [7J [9j [11] . In addition, cosmology imposes limits based on the 
effect on Big-Bang Nucleosynthesis (BBN) of the unparticle energy density produced 
by thermal SM particles [TTl [T2] . 

4.1 Astrophysics Limits 

In [6] limits were imposed by considering energy loss from supernova SN1987A. Emis- 
sion of unparticles via nucleon bremsstrahlung (N + N — > N + N +U) was considered 
for a vector unparticle with interaction 

C< \dBZ-du 



M? T BZ - 



—N^NO v . (29) 



The rate of loss of energy from the supernova core (T « 30 MeV) results in an exces- 
sively shortened neutrino burst unless 



CuA fB Z -du (3Q Me y)^-1 < i ^_ u 

M? 7 BZ ~ l 



3 x KT 11 . (30) 



With d uv = 3, C v = 1 and = 1 TeV this results in M v > 10 8 GeV (d u = 1); 
> 10 7 GeV {d u = 3/2); M v > 10 6 GeV (d u = 2). These bound are generally much 
stronger than the corresponding collider bounds, Mu ^1 — 7.5 TeV for du = 1 — 2 [6] . 

In [7] bounds were derived from 5th force experiments and energy loss from red 
giants as well as from SN1987A. For a vector unparticle interaction of the form 

C v 



\du- 



-JlvfOu , (31) 



the unparticle propagator implies that there is a long-range interaction mediated by 
unparticles which produces a potential given by 

Vu « « , (32 ) 
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where Bij are the baryon numbers of the objects and 



aijj 



C 2 v A du A 2 u - 2du T(2d u -2) 
4vr 2 



(33) 



Eq. f[3"Tj) will also produce unparticles in the core of red-giant stars (T core « 8.6 keV) 
via bremsstrahlung (e + H + — > e + H + +U) and the Compton process (7 + e — > e+U). 
To compare with other bounds we use Gy = CV(A{/ I 'M\j) dBZ ~ x ■ Table 1 lists the 
lower bounds on My from 5th force experiments, energy loss from red-giants and 



SN1987A for the case d, 



uv 



3, Q 



v 



1 and A 



u 



1 TeV 



From this we see that 5th 





du = 1 


4/3 


5/3 


2 


5th Force: 


3.8 x 10 14 GeV 


1.8 x 10 10 GeV 


3.4 x 10 7 GeV 


6.7 x 10 4 GeV 


Red-Giant: 


2.2 x 10 10 GeV 


4.2 x 10 8 GeV 


1.4 x 10 7 GeV 


5.1 x 10 5 GeV 


SN1987A: 


3.2 x 10 7 GeV 


3.6 x 10 6 GeV 


4.5 x 10 5 GeV 


5.5 x 10 4 GeV 



Table 1: 5th Force, Red-Giant Cooling and SN1987A Bounds on Unparticles [7j. 



force experiments impose particularly strong lower bounds on Mu in the case where 
unparticles have unbroken scale invariance. In this case it is unlikely that unparticles 
will be detected at colliders. 

These bounds can be evaded if scale-invariance of the unparticles is sufficiently 
broken. In the case where they have a mass greater than 30 MeV, unparticles are too 
massive to be produced in supernovae or red-giants and will induce only short-range 
forces. In this case the most important constraints on M\j will come from cosmology. 

4.2 Cosmological Constraints 

Cosmological constraints on unparticles were first considered in [TTJ. This analysis was 
based on a number of assumptions, in particular that unparticles can come into thermal 
equilibrium with SM particles and that decoupling of an unparticle density before the 
QCD phase transition can dilute it sufficiently to evade BBN constraints. However, 
as reviewed below, establishment of a thermal equilibrium between SM particles and 
3 Based on Table 3 of [7J. 
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unparticles, when interpreted as continuous mass particles, is non-trivial due to their 
unconventional production process. Moreover, unless the unparticle density is less than 
the SM particle density prior to the QCD transition, dilution will not be sufficient to 
evade BBN constraints [12J. 

In the unparticle limit, A — > 0, the coupling of each unparticle to SM particles 
vanishes. In any process where the unparticles decay or annihilate to SM states, the 
number of SM final states is finite. Thus as A — > there is no compensating increase 
in the number of final states, unlike the case of SM particles scattering to unparticles. 
Therefore the rate of production of SM particles from unparticles is zero. As a result 
it is not possible for unparticles to come into thermal equilibrium with SM particles. 

If the unparticle production rate from SM particles, T, is larger than the expansion 
rate, if, energy will flow in one direction from the SM density to the unparticle density. 
The temperature T of the SM particles will then drop until the condition T < if is 
satisfied. Thus if T > if is satisfied at any time in the early Universe, a large and stable 
unparticle density will be created. As discussed below, this will generally violate BBN 
constraints. Therefore a fundamental condition for a successful unparticle cosmology 
is that r < ff at all temperatures for which the unparticle description is correct, 
3T < Af/. 

For the simple interaction between scalar unparticles and quarks described by 
Eq. (j5J), the decay rate of thermal quarks q —> q+14 with energy E m 3T is estimated 
to be [TJ 

r 2 A ,2{d BZ -d v ) m 2{ : du+1) 

r ~ 247T* T ' T<TEW (34) 

For T < Tew > the constraint r < H is strongest at the lowest value of T for which 
there are relativistic t-quarks, T w m t /3. From Eq. (|34"|) we then obtain an lower 
bound on M Uy 

Mu > — dM - 1) — ' kl ~ CuAdu ' (36) 



ii 



where during radiation-domination H = kjT 2 jM with kr = (vr 2 (7(T)/90) 1 / 2 . The 
lower bounds on My as a function of for the case dsz — 3 are shown in Figure 2. 
From Eq. (155]) we conclude that for 1.1 < djj < 2 and 2 < dsz < 4, the lower bound 
on M[/ is in the range 20-2600 TeV pj. 

For T > Tevk, the condition Y < H combined with Eq. fl35l) gives an upper bound 
on the temperature of the radiation-dominated Universe 

T dv < 24vr 2 -^^^ ^ . 37 

The upper bound on the temperature for the case Ay = 1 TeV and dsz = 3 is shown 
in Figure 3. (The upper bound is stronger for larger A^.) For most of the parameter 
space the upper bound is greater than the largest temperature for which the unparticle 
description is valid, E w 3T < A^. For larger temperatures, interactions of SM fields 
will produce BZ particles rather than unparticles. In this case a thermal equilibrium 
can be established since the BZ particles are conventional particles. The condition 
for equilibrium can be estimated from the decay and inverse decay rate of SM quarks 
to BZ particles. (A similiar rate is obtained for scattering qq <-> \1>\E'.) With Obz 
corresponding to a bilinear of BZ fermions the interaction with the SM quarks 
becomes 



1 ^ ^ . ^(ff7 M (l-76)?)** 



My Mfj 

By dimensional considerations the decay rate for q — > q^/^f is, 

1 T 7 



in 



I 3 Mfj 



(39) 



The condition V < H then implies that 



/ M \ 6 ^ 5 

T < 1.8 ^— TeV . (40) 

V 100 TeV/ v ; 

If this bound is not satisfied, thermal equilibrium will be established with the BZ 
sector, resulting in a large BZ sector energy density. For the case of the simplest 
BZ theory, with an SU(3) gauge group and 17 > Np > 8 Dirac fermions in the 
fundamental representation of SU(3) [3], the number of thermal degrees of freedom 
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is at least g(T) = 8x2 + 7/8x4x3x8 = 100.0, which is similar to the number 
of degrees of freedom in the SM, g(T) = 106.75. Therefore in thermal equilibrium, 
Pbz ~ Psm- Once T drops below the upper limit in Eq. (j4"Ul) . the SM and BZ sectors 
decouple. As the BZ fields lose energy via expansion they will evolve into unparticles, 
leaving an energy density pu ~ psu m the unparticle sector. 

It has been suggested that the QCD transition can dilute the decoupled unparti- 
cle/BZ density [IT] . However, this is ineffective unless the density in unparticles prior 
to the QCD transition satisfies pu < 0.15psM- BBN allows at most an additional 6% 
contribution to the energy density at nucleosynthesis [20] . By scale-invariance the un- 
particle density is expected to evolve with expansion according to pu oc a -4 . Therefore 
the unparticle energy density after the QCD transition is 

Pu(T BBN ) = = i 9 -^ 1 )' 13 (^)\u(T) , (41) 

\cibbnJ \ g*{T) J \ T J 

where g*{T) is the effective number of degrees of freedom for the conserved entropy. 
The SM radiation density, psm, is proportional to g(T)T 4 . Therefore 



Pu \ fg*( T BBN)V /3 ( g(T) \ ( pu 



„Psm ) BBN V 9*(T) J \9{Tbbn) ) \Psm J T 



(42) 



With g(T BBN ) = 3.36 and g*(T BBN ) = 3.90, corresponding to photons plus out-of- 
equilibrium neutrinos, and g(T) = g*{T) = 106.75, corresponding to all SM particles, 
the maximum suppression of pu/ Psm is by a factor 0.39. Therefore in order to have 

(jt) B BN < - 06 ^ that (^T < °' 15 > TEW TQCD - ^ 

dilution of the unparticle density after decoupling of the SM is generally ineffective. 
The unparticle density cannot be sufficiently diluted even in the case where decoupling 
occurs in the BZ regime, T ^ Ajy/3. Therefore an upper limit on the temperature of 
the Universe is a general feature of the interaction of the SM with an unparticle/BZ 
sector. 

These cosmological limits are dependent on the stability of the BZ/unparticle sector 
with respect to decay to SM particles. The origin of stability is different in the BZ and 
unparticle limits. Stability of the BZ particles follows from their charge with respect to 
the BZ gauge field. Since the SM fields are not charged under this gauge group, there 
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Figure 2: Lower bound on the messenger mass Mjj as a function of Ajj for djj — 1.1, 1.5 and 2.0. 

is no possibility of the decay of a BZ particle to SM particles and only annihilation 
of BZ particles is possible. Once the BZ fields are confined into unparticles, stability 
follows from the continuous mass nature of the unparticles, which implies a vanishing 
coupling per unparticle if the production rate of unparticles by SM particles is finite. 

5 Breaking scale- invar iance 

Unparticles are consistent with astrophysics, 5th force constraints and cosmology if Mjj 
is large enough. To evade supernova constraints with lower values of Mjj the minimum 
mass of the unparticles must be greater than 30MeV. The physics of unparticles will 
then crucially depend on how the scale-invariance is broken. There are broadly two 
possibilities: (i) via a discrete mass per unparticle or (ii) via a mass gap. 

In the case where each unparticle has a discrete mass, for example where A is 
finite, there will be a finite decay and annihilation rate of unparticles to SM particles. 
In this case the unparticle density will be unstable. 

However, if scale-invariance is broken only via interactions with the SM, then it 
is likely that a mass gap will be generated, corresponding to a minimum mass in 
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Figure 3: Upper bound on the temperature of the Standard Model for Ajj — 1 TeV and d u = 1,1, 
1.5 and 2.0. The upper bound from Banks-Zaks decoupling is also shown. 

the continuum of mass states [2U E2] Q The simplest example is where there is an 
interaction between the Higgs bi-linear and BZ fields plj, 

J^O BZ WH . (43) 

At E < Au this produces an interaction with the scalar unparticle operator of the 
form 

Cu A*f*>\H\ a Ou = ku\H\ 2 Ou . (44) 

In terms of the expansion of unparticles in scalar fields, this becomes 

^|^| 2 E^n + ^E M X- (45) 

n n 

Once the Higgs develops a vacuum expectation value < \H\ 2 >= v 2 /2, a term linear 
in each n appears in the potential. This results in an expectation value for each (p n 

KuV 2 F n 

< 4>n >= ~2^5- • ( 46 ) 



4 An essentially equivalent approach, in which the spectral function has modes with energy less 
than /i removed, was considered in [H 123) 
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This leads to a problem in the unparticle limit. Since F n oc A while M 2 oc A 2 , 
it follows that < <p n > diverges as A — > 0. To evade this problem, an additional 
interaction must be added to the model. By generating a mass gap 

M 2 -+M 2 + m 2 gap , (47) 

the divergence in the unparticle limit can be avoided. This can be achieved by adding 
an interaction of the form [2T] 

C\H\ 2 Y,€- (48) 

n 

This generates a mass gap with rn 2 gap = (v 2 . Eq. (141)1) and Eq. (|48|) also induce a mixing 
between the unparticles and Higgs scalar. However, the mixing angle is generally 
proportional to F n or < <p n > and therefore vanishes in the limit A — > for each 
individual unparticle state <p n . 

The mass gap and unparticle-Higgs mixing will generally have an effect on the 
Higgs production rate and decay width [21J. For cosmology the most important result 
is that when scale-invariance is broken via a mass gap the unparticles will still be 
completely stable. This follows because the unparticles still have a continuous mass 
parameter and so each unparticle has an infintesimal probability of being produced 
by SM particles in the limit A — > 0. (The unparticle couplings to the SM quarks are 
unaffected by the coupling to the Higgs.) Once an unparticle is produced, it will have 
vanishing coupling to SM states and vanishing mixing with the Higgs. Therefore each 
4> n is stable in the unparticle limit. The cosmology of unparticles with a mass gap 
will therefore be unaltered at energies larger than m gap . One-way energy flow to the 
unparticle sector will occur as before if T > if, resulting in the same cosmological 
bounds. 

6 Conclusions 

Unparticles represent a new form of hidden sector coupled to the Standard Model. We 
have summarized a physical interpretation of unparticles that allows their behaviour 
to be more directly understood. In this interpretation unparticles are identified with 
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the composite particles of an underlying strongly-coupled scale-invariant theory A 
consequence of scale-invariance is that the composite particles will have a continuous 
mass parameter. The physics of unparticles is therefore equivalent to the physics of 
continuous mass particles. 

An unparticle produced by interaction with Standard Model particles will behave 
as a conventional particle with a discrete mass. This reflects a curious asymmetry 
in the physics of unparticles, depending on whether we are considering the inclusive 
production of unparticles or focusing on a particular unparticle final state. The former 
requires consideration of an infinite number of final states each with an infinitesimal 
coupling to the Standard Model particles, while the latter looks like a conventional 
particle with a well-defined mass and zero coupling to the Standard Model. 

The unusual phenomenology of unparticles is a consequence of the infinite num- 
ber of possible unparticle states, which compensates the vanishing coupling of each 
unparticle to Standard Model particles in the continuous mass limit. As a result, an 
unparticle will be completely stable with respect to decay to Standard Model particles 
once produced. Therefore energy can only flow in one direction from the Standard 
Model sector to the unparticle sector, with the resulting unparticle density being sta- 
ble. At higher energies this stability is extended into the Banks-Zaks sector, where the 
gauge charge of the Banks-Zaks particles prevents their decay into Standard Model 
particles. 

Astrophysical and 5th-force bounds impose strong constraints on the interaction 
between unparticles and Standard Model particles, which essentially exclude any pos- 
sibility of observing unparticles at colliders. However, if scale-invariance is broken, 
such that the unparticles have a mass greater than 30 MeV, then these constraints 
may be evaded. The resulting phenomenology and cosmology of unparticles will then 
depend crucially on how scale-invariance is broken. If each unparticle acquires a dis- 
crete mass then unparticles will behave as conventional particles, with a finite decay 
rate to Standard Model particles and an unstable energy density. On the other hand, if 
unparticles have a mass gap, corresponding to a continuum of masses with a minimum 
mass, then the cosmology of unparticles will be qualitatively unchanged: unparticles 
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will still be stable with respect to decay to the Standard Model in order to have a finite 
unparticle production rate, while energy will flow one-way from the Standard Model 
energy density to a stable unparticle density. It may be significant that mass gap 
breaking of scale-invariance appears to occur naturally as a result of the interaction 
of unparticles with the Standard Model Higgs. 

Cosmology provides the strongest bounds on unparticle interactions in the case 
where scale-invariance and the unparticle density is stable at the time of Big-Bang 
nucleosynthesis. The requirement that the scalar unparticle energy density is consis- 
tent with Big-Bang nucleosynthesis constrains the messenger mass Mjj to be greater 
than 20-2400 TeV when 1.1 < d v < 2, 2 < d BZ < 4 and > 1 TeV. Moreover, 
the temperature of the Standard Model sector has an upper bound, which can be as 
low as 1-10 TeV for Mu near its lower bound. These cosmological bounds on suggest 
that it will be difficult for collider experiments to detect evidence of unparticles in the 
absence of a mechanism for destabilizing the unparticle density before nucleosynthesis. 
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